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Superconformal deposition enables the void-free filling of high aspect ratio features such as trenches or vias in the Damascene
metallization process. Superconformal electrodeposition, also known as superfill, occurs when particular combinations of chemical
additives are included in the electrolyte. The additives enable preferential metal deposition at the bottom surface which leads to
bottom up filling before the sidewalls close off. Two crucial mechanisms by which the additives enable superfill to o¢gur are
accelerator behavior increasing the copper deposition rate as a function of coverddg @mkervation of accelerator coverage

with increasing/decreasing interface area. Thus, the adsorbed catalytic accelerator species floats upon the growing metal/
electrolyte interface. An effective modeling approach must accurately track the position of the interface as well as preserving
surfactant coverage while the interface is advancing. This must be achieved in an Eulerian framework due to the necessity of
modeling the diffusion of electrolyte species. To this end, the level set method is used to track the interface while a scalar variable
approach governs the surfactant coverage. Modeling of additive accumulation and conservation on a deforming interface in
conjunction with the level set method presents areas for novel numerical approaches. Several test cases are examined to validate
the surface coverage model. Comparison of superfilling simulations with experimental results is also presented.
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Damascene copper is rapidly replacing aluminum as the interthe conditions studied More importantly, this work predicted the
connect material of choice in silicon technology. The change ispreviously unexplained incubation period and overfill bump. The
driven by the lower electrical resistivity of copper, which exhibits predictions of the CEAC-based model agreed well with experimen-
improved resistance to electromigration, decreasing power contal results across a large range of electrolyte compositions, deposi-
sumption, and increasing central processor y@iPU) clocking tion voltages, and trench aspect ratios with no fitting parameters.
speeds. Electroplating is the preferred deposition method because Tthe string model neglected diffusion-induced concentration gradi-
permits filling of high-aspect ratio features without seams or voidsents within the electrolyte. A string implementation of a different
through the process of superconformal deposition, also called supemechanism for additive accumulation was subsequently published;
fill. This process has been demonstrated to depend critically on thé&inetic parameters were optimized by fitting the results of a particu-
inclusion of additives in the electrolyteRecent publications pro- lar fill experiment® Most recently preliminary results of the study
pose curvature enhanced accelerator cover@@EAC) as the described in this paper were publishiethat work presented a more
mechanism behind the superfilling procést this mechanism, complete description of the kinetics of additive accumulation than
molecules that accelerate local metal deposition displace moleculethose first used with the CEAC mechaniérilling results agreed
that inhibit local metal deposition on the metal/electrolyte interface.well with experimental results across a large range of electrolyte
For electrolytes that yield superconformal filling of fine features, compositions, deposition voltages, and trench aspect ratios. As with
this buildup happens relatively slowly because the concentration othe earlier application of the CEAC mechanism, this feature filling
accelerator species is much more dilute compared to the inhibitowas modeled with no fitting parametérs.
species in the electrolyte. The mechanism that leads to the increased Modeling of copper deposition with implementation of the
rate of metal deposition along the bottom of the filling trench is the CEAC model requires simultaneous tracking of the copper/
concurrent local increase of the accelerator coverage due to decreastectrolyte interface location and shape, surface coverage of the ad-
ing local surface area, which scales with the local curvathemce  sorbed additives, and the spatially varying concentration profiles of
the name of the mechanigm the different components in the electrolyte. The evolution of the

Previous modeling of copper deposition utilized leveling theory adsorbed accelerator coverage is determined from these quantities
that only considered spatially varying accumulation of inhibiting by a conservation equation which accounts for the change of surface
additives _induced by concentration gradients within the area, influx from the electrolyte, and consumption into the metal.
electrolyte?* One group utilized a leveling model with the boundary The local interface velocity is determined from the accelerator cov-
element method to predict the filling of triangular and semicircular erage via a rate equation. Concentrations within the electrolyte sat-
grooves> Those results demonstrated the importance of specimensfy diffusion equations.
geometry alone on filling, the so-called geometric leveling effect. This paper presents a computational solution to this modeling
However, such leveling theories could not self-consistently explainproblem. The level set methddlSM) is used to track the copper/
superconformal filling of submicrometer, high-aspect ratio features.glectrolyte interface on a mixed grid. Determination of the time-
With all leveling models, rapid deposition also occurs on the sidesdependent accelerator coverage adsorbed on the interface is accom-
approaching the bottoms of the features, rather than only on thgyjished by evolution of a scalar concentration variable defined
bottom as is generally acknowledged to be the case in experimentghroughout the domain.
studies. Furthermore, leveling models do not predict an incubation |nthe LSM a scalar variable), is defined over the entire region.
period of conformal growth prior to superfill or development of a The set of locationsh = 0, (i.e. the zero level sgt defines the
bump over the features after superfill, both well known eXperime“'position of the interface. The variabdeis continuous, smooth, and
tally. ) ) ) ) monotonic in the direction normal to the interface and is maintained
_ The CEAC mechanism, implemented using a string mépal- 55 3 distance functi§rthroughout the calculation, allowing the dis-
ticle marker methopto track the interface, was recently shown to ance petween any point in the solution domain and the interface to
predict superconformal deposition for aspect ratios up to i@ pe known. The interface thus remains at a steady thickness, deter-

aThe early codé,though containing an error that led to unphysical behavior at the
* Electrochemical Society Active Member. top corners of the filling features, still gave accurate prediction of whether the particular
Z E-mail: daniel.wheeler@nist.gov features studied filled or failed to fill.
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mined by local grid spacing, eliminating smearing of the interface. ce = P
The distance function is initialized once at the start of the simulation 3

using the fast marching method. Thereafter the use of extension
velocities and the correct discretization of the advection equation
maintains the distance function. The LSM has already been shown
to be a useful method for a variety of deposition processes in a trio

of articles by Adalsteinsson and Sethiaft. Oce _ 0
The authors believe that the combination of the LSM and CEAC El 1 z
mechanisms presented here represents a novel method that may be % ectro yte é L

applicable to a number of other adsorption problems. Several vali-
dation tests that demonstrate the accuracy of the solution for prob-
lematic high-curvature interfaces are presented as is comparison of

- . h X 0
prediction with experimental fill results. %‘i{ =0 Wcté = DgVZC{:
T
Model Specification
The local interface veIOC|ty is expressed in terms of the local
deposition current densityby’ e
—D2
iQn . Dgor = flux
T ]
Trench B
wheren, (), andF are the normal to the interface pointing into the
electrolyte, the atomic volume of the deposting metal, and Faraday’s
constant respectively. The 2 is the formal charge of cupric ion
(CW"). For practical plating conditions, the current denditis -~ A —
given by the Butler-Volmer equatidn
L CiC oF w
i =ig=exg —5=m (2]
Cc RT Figure 1. Solution domain and boundary conditions.

%

whereig, cc, C., a, R T, andm are the exchange current density,
the molar concentration of copper at the interface, the molar conjproportion of available sites. Note, for comparison to Ref. 7, the rate
centration of copper in the far field, the transfer coeffici@ntnea-  constant used heré,, has been multiplied by, the saturation
sure of the symmetry of the energy barjjethe gas constant, the sjte density. The consumption flux is given by

temperature, and the overpotential, respectively. Dependence of Eq.
2 on the accelerator coverage adsorbed at the metal/electrolyte in-
terface,0, is determined experimentally froni-f,) studies of depo-
sition on flat copper electrodes |ndependent from trench filling ex-
periments. The dependencies are givefi’by

k n
Jg = F—Oe [7]

whereky is the consumption rate constadyj.represents anth order
i0(0) = by + by [3] consumption process, heme~ 3. The rate constantk, andkg, are
functions of the overpotentiaj. The parameter values for Eq. 3, 4,
6, and 7 are obtained entirely fror{)) voltammetry on flat copper

and
electrode§ independent of trench-filling experiments. The concen-
a(8) = my + m;0 [4] tration of the cupric ion and accelerator in the electrolyte are gov-
erned by diffusion such that
The rate of change of accelerator coverayedepends on interface ac
area evolution, adsorption from the electrolyte, and deactivation by —£ ngzcg [8]

slow consumption into the metal. The conservation of accelerator at

species is given by
wheret is time, ¢, = cg‘ outside of the boundary layer of depih
andD is the diffusion coefficient. The subscriptis given by

P edA = f(J — JydA, (5]

(9]

m for accelerator
g —

.
whereA, represents the interface area ahcandJ, are the fluxes ¢ for C

due to adsorptlon and consumption, respectively. The consumption
flux represents the accelerator absorbed into the metal as distincthe flux loss from the electrolyte at the interface is given by

from that which remains on the surface. The subscripidicates an i
—k4(1 — 0)c,, for accelerator

integral moving with the interface. The adsorption flux is given by _ ﬁ _ [10]
) £on —v(Ve— ¢y for CP*
Ja= (1= 0)cp [6]
0 where V. is the moles per volume of solid copper. The solution

domain and boundary conditions are illustrated in Fig. 1. The aspect
wherek,, c,, I'g are the jump frequency or rate constant, the ac- ratio of the trench and the trench spacing are giveBI3A and 2w,
celerator concentration in the electrolyte at the interface, and theespectively. The main approximation of the model geometry com-
surface site density on the interface, respectively. Equation 6 takepared with the experimental configuration is the assumption of an
the form of Langmuir adsorption with (+ 6) representing the infinite set of trenches. Typically experimental configurations con-
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sisted of=100 trenches withv ~ 1 um. The model symmetry con- ;
dition is a good approximation under these conditions. ;

Level set equatiar—In the model proposed heré, = 0 marks ADJ/}CENT CELL
the position of the interface. The variakllds continuous and mono- '

tonic in the region near the interface. The advection equation de- — 7 g
scribing the motion of the interface can be written \ A Bf/P ;
3 0" 7 o i
a—(i)—i-v Vo =0 [11] f .\\ A ;
with the interface normal given by : : \ \CONTROLVOLUME (CV)
E 1dap E =
ho V& [12] ; § CELL €ENTER 5
|Vl ; : : E
Sincev = vn with v = |v|, Eq. 11, can be rewriten
Figure 2. A CV structure showing the control volunt€V), at whose center
34) the variables are being evaluated, and the adjacent cell.
+v|Vd| =0 [13]
ot
During the evolution of the interfacé is maintained as a distance applying the divergence theorem to the diffusion term and adding a
function. Initially this is accomplished by solving source term, Eq. 8 can be rewrittéiropping thef)
Vol =1 [14] f—dv f Dn - Vcd(aV) + f Sdv [20]
\%

The use of extension velocities inhibits the requirement for reinitial-
ization, improving efficiency and accuratyThe extension veloci-

whereSis the source ternV is the CV volume, ana is the normal
ties are constructed by solving

to the bounding surfacg&V. An illustration of a CV structure can be
Voex - Vdiemp= 0 [15] seen in Fig. 2. The source term is typically linearized such that
With v = v atd = 0 anddeypis calculated between every time S=Sct ceSe (21]
step using Eq. 14. Thus, without loss of accuracyat 0, Eq. 13

can be rewritten wherecp, S, andSp are the variable value at the cell center, the

constant source coefficient, and the variable source coefficient, re-

adb spectively. The subscrif refers to the volume-averaged cell value.
e Vexd V| = 0 [16] Using a first-order implicit scheme, Eq. 20 can be discretized such
that
The solution of Eq. 14 and Eg. 15 to find,,; between timesteps (cp—
enables Eq. 16 to maintaip as a distance function without directly —_— = 2 DfAf P4 ScVp + SecpVp [22]

recalculatingy between timesteps, thus avoiding reinitialization is-
sues. The fast marching method is used to solve Eq. 14 and 15. This
is a well-documented method and further details can be found inwherecg, Ve, At, Dy, A;, ca, dpa are the previous time-step
Ref. 12. value ofcp, cell volume, time step size, diffusion coefficient at the
face, face area, adjacent variable value, and distance between cell
centers, respectively. The subsciptefers to the adjacent averaged

ell value. The summatioB; is over all cell facesf, of the CV. Eq.
22 can now be rewritten in the form

Conservation of accelerater-In order to model the accelerator
as a surfactant it is necessary to recast the conservation Eq. 5 fro
a Lagrangian to an Eulerian framework in the following manner

d d
dtfedA B tfu6|Vd>|6(¢)qu (17 a5 = 2 2t + e [23]
a0 \
= J o eV - (n9))|V¢|6(¢)dVﬁx (18]  where
fix
D:AAt
ap = Vp — SpVpAt + >, —— [24]
usingVé - Vuee = 0 andd = 0. The subscripts and fix refer to T dpa
Lagrangian and Eulerian frameworks, respectively. Equation 17 re-
casts the integral from a surface-to-volume integral while Eq. 18 a=S DiAAt [25]
moves from a control volume moving with the interface to a control A T dpa
volume fixed in space. In weak form, aroutpd= O, the conserva-
tion equation is written and
6 bp = AtScVp + cpV 26
Fry + VeV - (NB) = Jy — Jy4 [19] P ScVe PYP [26]

] o The diffusion coefficient at a face is given by the harmonic mean

Discretization such that

The finite difference equations are derived for a nonuniform cell- daaD oD
centered unstructured mesh using the finite volume method as first APZPTA

Di= —/————— 27
introduced by Patanka?. Integrating over a control volumgV),* " daDp + dipDa [27]
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whered,; anddsp are the distances between the adjacent cell centers 0
and the dividing face. Equation 23 can be written in matrix form sf =0 ford <0 ord>2e [36]
Ax =b [28] 20 KCa ke
o ) ) — + VeV . (NO) = (1—-6)— =—06°for =0
whereA, x, andb are the coefficient matrix, solution column vector, at Iy Iy
and source column vector, respectively. In this form, Eqg. 28 can be [37]
solved using any sparse iterative technique. In this paper, a conju- V.(n6)=0 for 2 =& > 0 [38]

gate gradient solver is used with Jacobi preconditioning. Since ad-
vection is normal to the interface, between time steps, the dis

cretized version of Eq. 16 given by Equations 36, 37, and 38 are discretized in the general way as out-

lined in Eqg. 22. The second term in Eq. 37 is discretized in a stan-
bp = ¢g + |V |vex At [29] dard finite volume(FV) upwind manner for a convection term with
’ characteristics rf; . n), effectively upwinding6 forward from the
can be used to updade The term|V| can be evaluated with a first  Interface. The source terms are linearized in such a way that the
or second order scheme using upwinding with the characteristicgradient with respect to the solution variable is preserved. The dis-
vpV .12 Both first and second order schemes were evaluated, ang'etization for Eq. 37 is as follows

no significant improvement with second order was observed with v ma — bp0p K.C.oV
regard to the simulations in this paper. The movement of the inter- ap = A—? + )(dj/; |$P | JVexAr + alfp P
face must satisfy a stability criterion. Essentially the interface should f apl VIt 0
not move more than one grid space per time step to maintain stabil- + 30%2k.V [39]
ity. The Courant-Friedrichs-LewyCFL) stability number is given P d¥P
by min(ba — dp,0)vex Ay

aA = _E d V = [40:|

vpAt T apl Vbl
O = Ma dn [30] ’
\Y CapV

bp = A—:’ + %PP + 20%3Kk Ve [41]

The stability criterion states that; < 1/{N for the numerical 0

scheme to converge, whekeis the spatial dimension of the geom-
etry (N = 2 in this casg

In order to evaluate boundary conditions on the copper/
electrolyte interface it is necessary to define an interface depth and
Dirac-delta function. The depth of the interface is defined to ge 2

Equations 39 and 40 contain min and max conditional statements to
preserve the upwinding requirement for the convection term in Eq.
g?. Equation 37 is solved in the normal way during the sweep cycle
with the other variables, however this is only undertaken for cells
adjacent to the interface. Equation 38 is discretized in a similar

such that manner to Eq. 37. This equation is not updated during the sweep but
IT;dpp solved with the extension velocities with the use of the fast march-
€= — [31] ing method. Details of the fast marching method can be found in
2¢(1—n-n)lls _ ¢ ydap
i i i Ref. 12.
whereIl( _ ) represents the product over all faces other than Validation
The delta function is evaluated frotn such that This section contains three validation test cases that test various

parts of the numerical algorithm. The test cases are as follows: Case
[32] 1: accelerator adsorption validation to test the rate of accumulation

of 8 from the electrolyte. Case 2: accelerator coverage change due to

arc length change on an expanding and contracting circle without
The interface boundary conditions given in Eq. 10 can now be de-accumulation and with constant velocity. Case 3: comparison
fined as linearized source terms. The constant source coefficienbetween the LSM and a string model for superconformal elec-

0 it || > e

Sc, is written trodeposition.
0 for accelerator Case 1: accelerator adsorption validatisaIn the case of an
Sc = { . [33] advancing planar interface a one-dimensional analytical solution can
0 for C&¥ be found for the accumulation of accelerator at the copper/

_ o S electrolyte interface as well as the concentration of accelerator
and the variable source coefficieS, is written throughout the electrolyte. This analytical solution is compared with
| KL — 0)5()|V| for accelerator a numerical test case. The diffusion equation, Eqg. 8, for accelerator
o =

‘ in one-dimension is written
_ _ i * +
(Ve = COued ()| Vlict  for CuP ¢ = Dey, [42]

where the superscriptrefers to the previous sweep value within the ith bound diti of = ¢® atx = L and
iterative solver. The form of the source term chosen in Eq. 34 main-V/!t boundary conditions ot = ¢ atx = L an

tains stability by increasing the diagonal coefficient The diffu- Dc, = kc(1 — 6) [43]
sion coefficients are defined to be
0 if b<—e at x = 0. The accumulation of accelerator at the interface for a
= [ . [35] planar front has no dependence on curvature, thus Eq. 5 becomes
D, if &= —e
3

. ke
e . ' . 06=—(1-296 44
to account for diffusion only in the electrolyte-filled regiom ( FO( ) [44]

= —e). Without loss of generality at the interface, Eq. 19 can be
split and solved separately in various regions of the domain. Equawith an initial condition of6 = 0 att = 0. From Eq. 42 and Eq. 44
tion 19 is written diffusion and interface kinetic time scales can be found such that



C306 Journal of The Electrochemical Socigtys0 (5) C302-C310(2003

Table I. The parameters used for the advancing front test case 1 4
approximating interface-limited accumulation when M > 1. 0.9 b +++*+***"
. +
p% T
Parameter Value Unit ot
0.8 | ++-v-"'
c” 1x 104 mol/m® o ##
D 1 X 10*9 m2/S 0.7 ¢ o *++
Iy 1x10°5 mol/m? o6 o
L 1x 104 m : o
k 8.4x 10° m/s ® 0.5} e
M 1.2 x 10° dimensionless :“
0.4} Ad analytical
Al 10 elements +
2 0.3 ¢ 50 elements a
100 elements -----
Lit = o [45]
2 F
and 0.1
FO 0 J. 1 1 1
tin = & [46] 0 10000 20000 30000 40000 50000

time (s)

respectively. By comparing Eq. 45 and Eq. 46 a dimensionless num-

. Lo : . Figure 3. Comparison between the numerical and analytical solution for
ber,M, can be yvrltt_en for th_e re_Iatlve importance of the diffusian one-dimensional accelerator adsorption for a case where accumulation is
the interface kinetics, and is given by

limited by interface kinetics.
tin DI

M=t~ ke [47]
diff the complete simulation of 50,000 s the advancing front has covered
WhenM > 1 the problem is said to be interface limited. In this 50 elements of the 100 element mesh witl = 0.1.

limit the transient term in Eq. 42 can be dropped leading to a simple  Case 2: accelerator coverage change on an expanding and
closed form expression fafx,6(t)] and an implicit expression for  contracting circle—An expanding and contracting circle is used as

0(t) given by a test case for the accuracy and convergence properties of the
- curvature-based accumulation model for the accelerator. Given a

c”[1 + k(1 — 6)x/D] . R : a ;

c= [48] circle with initial coveraged, and radiusry att = 0, conservation
1+ KkL(1 - 6)/D of the accelerator dictates that the coverage at any subsequent time
can be written
and
Oor
kDc"t = —20 [52]
—DIn(1 — 0) + kLo = [49] o + vt

Io

wherev is the constant velocity magnitude of the circle interface.

WhenM < 1 accumulation is said to be diffusion limited, and The test case domain consistisaol by 1region enclosing circles

the diffusive term in Eqg. 42 can be dropped. The solutions in this
limit are given by

B Lexgk(l — 0)x/D] 100
€= C exdk(1 — 0)L/D] (501

and

%0

KC..t
Ty [51] 80

E(Lk/D) — E[Lk(1 — 0)/D] =

Using physically relevant parameters, see Table I, the numerical
solution was compared with the expressions from Eq. 48 and Eq. 49
for interface-limited kinetics. The comparison for the accelerator
coveragef, over time can be seen in Fig. 3. Three mesh densities of .
10, 50, and 100 elements were used across the boundary layer with 801 7 Dumerical =933
thicknessL, each five elements wide along the planar front. The numer}{cal £=19933
numerical results are independent of mesh density for 50 and 100 analytical t=19933
elements indicating convergence. The curves for the converged nu-
merical and analytical results compare well foft). The slight
difference is due to the analytical approximation implicit in the finite
value ofM, see Table |. The one-dimensional accelerator concentra-
tion in the electrolyte can be seen in Fig. 4. The comparison between
the analytical expression and the 100 element mesh at times of 933 x {pm)

and 19,933 s again shows good agreement. The mesh spacing is f'%ure 4. Comparison between the numerical and analytical solutions for

in the region of the interface and is gradually increased as L. accelerator concentration in the electrolyte at times of 933 and 19,933 s for
The front is advancing with a velocity of 1.28 10 1! m/s. Over a case where accumulation is limited by interface kinetics.

Cn (umol/m?)

nannwn
X

40 B —_— 1 1

20 40 60 80 100
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0.012 analytical Table Il. Material parameters for the comparison of the level set
20 by 20 elements --—+--- and string models.
40 by 40 elements - -t
80 by 80 elements * Parameter Value Unit
0.01 Chnpsa 5x 1073 mol/m?
I'q 1x10° mol/n?
L 15x 1074 m
M -0.2 Y,
e 0.1 Dimensionless
@ 0.008 Aspect ratio 3 Dimensionless
Trench depth 5% 1077 m

main. In the contracting test case the 20 by 20 element mesh begins

[LAShhlcil_d et bt SO

0.006 | . to diverge at = 0.22. Results from both the 40 by 40 and 80 by 80
N element meshes remain close to the analytical solution until the
interface collapses in on itself at which time the coverage becomes
infinite. These test cases demonstrate the accuracy of the LSM nu-
0.004 L L . merical solution in simulating the CEAC-based model.
0 0.05 0.1 0.15 0.2

Comparison between the level-set method and a string
model—In previous work a string modéparticle marker methgd
Figure 5. Comparison between the numerical and analytical solution for the based on the CEAC mechanism for superconformal deposition was
expanding circle test case for various mesh densities. The analytical curvedeveloped. The string model determined the interface position and
are shown as solid lines while the numerical solutions are denoted by symaccelerator coverage assuming a nonzero starting value and local
bols that depend on the given mesh density. The error bars denote the maxgonservation of the accelerator. It used bulk concentration of cupric
mum and minimum values df on the circle. ion in the electrolyte, ignoring depletion due to diffusion gradients.

Here results from the string model, modified to include additive
accumulation and using interface kinetics identical to those for the
with initial conditions, 8, = 0.01,v = 1, ry = 0.25 for the ex- LSM model, are compargd with the LSM resultg for superconformal

=0.1. Meshes of 20 by 20, 40 by 40, and 80 by 80 elements werdlradients were eliminated from the LSM by using infinite diffusion
used in each case. The test case results can be seen in Fig. 5 ang@efficients for both accelerator and cupric ion. The other physical
for the expanding and contracting circles, respectively. In the ex-Parameters for this study are presented in Table Il. Figure 7 shows a
panding test case the results show good agreement for each me§RMParison between the LSM and string models for the height of
density. The maximum and minimum valuesddbegin to diverge at the bottom surfac_e of the trench W|t_h time. E_Both models were

t = 0.1 for the 20 by 20 element mesh and at 0.16 for the 40 by checked for mesh independence at their respective mesh densities of

40 element mesh. The 80 by 80 element mesh remains close to tHe:000 Points in the string model and 192,000 elements in the LSM

analytical solution until the interface reaches the edge of the do-mOdel' Figure 7 shows the agreement is excellent between the two

models with the exception of the formation of the overfill bump.

time

0.04 .
analytical i 0.6l
20 by 20 elements ---—+--- ,\
40 by 40 elements t--®-= 1A g
0.03 80 by 80 max * CO|
)
)
- 0.4 | LSM --eeeeeeee
} é) string
2 0.3
0. .8
[
o 0.2 f !
-
=
0.1}
0.
i A 0 L Il 1 1 N s N , \
0 0.1 0.2 0.3 0 5 10 15 20 25 30 35 40 45 50 55 60
time cine (o)

Figure 6. Comparison between the numerical and analytical solution for the Figure 7. Comparison between the LSM and string model for the height of
contracting circle test case for various mesh densities. The analytical curvethe midpoint of the trench with an aspect ratio of three and a depth of 0.5
are shown as solid lines while the numerical solutions are denoted by symum. Both models show excellent agreement for the rapid filling of the trench
bols that depend on the mesh density. The error bars denote the maximuifilom the bottom up. Transition points between the various fill regimes are
and minimum values o6 on the circle. marked.
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0

N\

N—

0 um L L
-0.1 pm 0.1 pm

Figure 8. The interface evolution at various stages of fill. The letters mark
the transition points between the fill regimes.

Both models capture the important transition in filling behavior
marked by the letters in Fig. 7 and 8. Figure 8 shows various stages
of interface evolution as the trench is filling. Initially before transi-
tion A there is a period of conformal growth during which the cor-
ners of the trench form diagonal sections. These diagonal sections
meet at transition A and form a flat base which rises steadily until
transition B. Here the bottom surface velocity increases until transi- 1 Ll m

tion C where the surface has maximum coverage. Transition D oc-

curs when the sidewall spacing begins to increase, thus increasingigure 9. SEM images of trenches filled from electrolytes witfj: 0,
the overall surface area and slowing the bottom height velocity. The0.0005, 0.005, and 0.04 molfmand overpotentials: —0.097, —0.301,
difference between the two models above the height ofu@rGin —0.282, and—0.150 V[top (a) to bottom(d)], and aspect ratiogwith Cu
Fig. 7 is due to the difficulty of accurately modeling the surfactant Seed: 1.8, 2.3, 3.0, 4.0, 5.@eft to right).

coverage on the spreading interfaomte the large change in area,

Fig. 8.

Cu over the trench. The effective trench depth for electrodeposition

Modeling and Experimental Comparison for Copper is thus 0.56.m and the aspect ratios increase to approximately 1.8,
Electrodeposition 2.3, 3.0, 4.0, and 5.6. The substrates used for the depositions mea-

sured 1 crfi with a patterned area of 50 by 50m and trench
spacing of=0.5 um. The first set of trenches, Fig. 9a, show the poor
filling that occurs when no additive is present in the electrolyte,
c;, = 0 mol/n?. Voids are evident in all trenches. The filling is con-
Cfé)rmal until the unfilled region of the trench becomes sufficiently

Interface evolution for a variety of deposition and geometric pa-
rameters was simulated for comparison with experimental results
The goal was to predict a parameter spdeg,c,,), for which su-
perfill occurs at high aspect ratios. The type of filling, ranging from
conformal to superfill, can be determined from the presence/absen
of voids in the filled trench as well as features, such as cusps and
bumps, that form above the trench during deposition. Experimen-
tally, there is some variation in the formation of these features under Table Ill. Material and geometric parameters used for the simu-
nominally identical conditions due to uncontrolled experimental dif-  lations for comparison with experiment.
ferences. However it is generally clear when superfill occurs for

particular parameters. For example, the superfill behavior in Fig. 9c  Parameter Value Unit
manifests as both trench filling and an overfill bump that are experi- g 0.46 pm
mentally reproducible. Both filling and deposition features can be w 5.0 pwm
used for semiquantitative determination of model accuracy. cy 250.0 mol/ni
In the experiments, Fig. 9, the aspect ratios of the patterned v, 0.141x 1¢° mol/m?
trenches are approximately 1.5, 1.9, 2.5, 3.3, and 4.6 with a trench T, 9.8 10° mol/m?
depth of 0.46um. To permit electrodeposition, a copper seed layer o 0.1
is first applied by a vacuum deposition technique. This applicationis 8 1.5%x 10°° m
difficult on the sides of high aspect ratio features. For example, a 6 D, 5,0x 10710 me/s

nm thick Cu seed on each sidewall requires deposition ofuthlof Dinpsa 1.0x 10°° m?/s



Journal of The Electrochemical Socigtys0 (5) C302-C310(2003 C309

Table IV. Experimental parameters obtained by best fit analysis
of cyclic voltammetry to determine ® dependence. The table val-
ues are for kinetic parameters in an electrolyte with additives.
The site densityI' is the saturation packing of the accelerator
(roughly one-third of metal sites) on a copper(111) surface.

Parameter Value Unit

bo 0.69 Aln?

b, 6.4 An?

mg 0.447 Dimensionless
m, 0.299 Dimensionless
Ka 1.76-245X 10 °n® m/s

Ky 0.0 m/s\?

T, 9.8x 10°° mol/n?

narrow that the deposition rate decreases going down the trench. The
differential deposition rate causes the sidewalls to bulge and neck
near the top of the trench creating a void. Voiding in the second set
of trenches, Fig. 9b, is significantly reduced by the inclusion of
additives in the electrolyte. Selection of near-optimal additive con-
centrations leads to optimal filling, Fig. 9c. Excessive additive con-
centration results in a reversion to conformal deposition, Fig. 9d.
Trenches which contain voids characteristically have a cusp over
them while those that fill have a bump. Trenches without a void but
with a cusp above theniFig. 9d, aspect ratio 2)5typically contain

a seam or a very thin void.

Parameters that correspond to the experimental conditions are
presented in Tables Il and IV. The additive-free parameters are
given separately in Table V. Simulations were performed using the
values contained in these tables. The trench spacing was modeled
with a value ofw = 1 pum, giving only a slight overlap of diffusion
fields, due to the small fraction of the specimen surface area that
was perturbed due to trench patterning. The simulations, Fig. 10
show good agreement with experiment, accurately predicting the
formation of voids, cusps, and bumps. In thg € — 0.097 V¢,
= 0.0 mol/n?) case, Fig. 10a, deposition is entirely conformal as
expected with no additive. All simulations result in voids in agree-
ment  with  experiments. For the n(= — 0.301Vc,
= 0.0005 mol/m) case, Fig. 10b, deposition is predicted to be es-
sentially conformal. In this case, the dilute concentration causes
close-off to occur before the CEAC mechanism becomes significant.
This leads to voids in all the trenches. In thg € — 0.15V ¢},
= 0.04 mol/n?) case, Fig. 10d, significant acceleration by the
CEAC mechanism occurs at the bottom of the trench as required for_
superfill. However, accelerator coverage on the sidewalls builds ud:'
almost as quickly through simple accumulation due to the high ac-(z'
celerator concentration in the electrolyte. This effect is aggravated,,
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L 1 1 X 1 1 1 . 1
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gure 10. Simulations of copper deposition in trenches wdfh: 0, 0.0005,
005, and 0.04 mol/frand overpotentialg: —0.097,—0.301,—0.282, and
0.150 V[top (a) to bottom(d)], and aspect ratios: 1.8, 2.3, 3.0, 4.0, 8¢t
right). Voids occur for all the(a) and (b) sets of trenches, the finegt)

by the slow base velocity at low overpotentials. This leads t0 Mar-yench and the two finegt)) trenches. The only other trench not to fill is the
ginal failure in the trench of aspect ratio 3 and voids in aspect ratiogd) trench with aspect ratio of three. All units are in micrometers. Parameters

of 4 and 5.6. In thes§ = — 0.282 V¢, = 0.005 moI/rﬁ) case,
Fig. 10c, superfill is predicted to occur for all but the finest features.

Table V. Experimental parameters obtained by best fit analysis
of cyclic voltammetry to determine  dependence. The table val-
ues are for kinetic parameters in an electrolyte with no additives.
The site densityI' is the saturation packing of the accelerator
(roughly one-third of metal sites) on a copper(111) surface.

Parameter Value Unit

bo 3.0 AP

b, 0.0 An?

mg 0.5 Dimensionless
m, 0.0 Dimensionless
Ka 1.76-245X 10 %3 m/s

Ky 0.0 m/s\?

Iy 9.8x 1076 mol/m?

for these simulations are given in Tables Ill, IV, and V.

Here the accumulation and overpotential-dependent base velocity
combined appropriately to give rapid enhancement of accelerator
coverage only on the bottom of the filling feature. Though the ex-
perimental image, Fig. 9c, appears to indicate fill in all features for
these conditions, it is likely that the finest feature does in fact con-
tain a fine sear.

Each simulation was performed with a mesh of 116,337 elements
and took 3 days on a 1.2 GHz processor.

Conclusions

The level set implementation of the CEAC mechanism represents
a novel numerical approach. The method effectively predicts super-
conformal deposition in the copper Damascene process, specifically
helping to understand the dynamic periods of conformal growth,
accelerated bottom-up growth, and the overfill bump formation. Ad-
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ditional phenomena such as consumption and surface diffusion V.
could be readily included in the model once required physical pa- v

rameters are obtained from experiments. Recently this model wagext

used to predict superconformal electrodeposition for siiv&urther
work will extend the model for filling of three dimensional vias.
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List of Symbols

A; face area
A, interface area
by experimentally determined parameter
b; experimentally determined parameter
ca adjacent variable value
c. far field copper concentration
C. interface copper concentration
c, interface accelerator concentration
cp cell center value
Cp previous time-step value afp
dy distance between cell center and face
D diffusion coefficient
D; diffusion coefficient at the face
dpy distance between cell centers
F Faraday’s constant
i current density
ip exchange current density
J, adsorption flux
Jg¢ consumption flux
k, adsorption rate constant
kq consumption rate constant
my experimentally determined parameter
m; experimentally determined parameter
M dimensionless parameter
n interface normal
R gas constant
Sc constant source coefficient
Sp variable source coefficient
S source term
tgr diffusion timescale
tgir  kinetic timescale
T temperature
t time

P

o
o
At

8
av

1.
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moles per volume of copper
interface velocity

extension velocity

cell volume

control volume

eek

transfer coefficient
surface site density
time step size

delta function

control volume surface
local interface depth
overpotential
accelerator coverage
CFL number

level set variable
atomic volume
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